Introduction
============

Type 2 diabetes mellitus is a metabolic disorder characterized by hyperglycemia resulting from insulin resistance and relative insulin deficiency. Coexisting disorders, including obesity, hypertension, and dyslipidemia, contribute to the severity of type 2 diabetes.[@b1-opth-9-1437]

Interventions to reduce blood glucose significantly lower the risk of microvascular and macrovascular disease.[@b2-opth-9-1437]--[@b5-opth-9-1437]

A number of nutritional, hormonal, and genetic factors may result in metabolic disruption of these interrelated pathways that is associated with various pathological conditions, including cardiovascular diseases and neurodegenerative diseases.[@b6-opth-9-1437]

Folate is a water-soluble vitamin B critical for health as a cofactor in a multitude of single-carbon transfer reactions. The folate is an essential vitamin for humans and is obtained from the diet, especially from fruits and vegetables. Folate is required for nucleotide and methionine biosynthesis.[@b7-opth-9-1437]

Folic acid requires reduction to tetrahydrofolate and needs l-carbon substitution to commence its task as l-carbon donor for methylation and DNA--RNA synthesis. During passage of small amounts of folic acid through the gut cells and liver, reduction and l-carbon substitution is complete, and 5-methyltetrahydrofolate is by far the most predominant form entering the systemic circulation.

Folate transport across epithelia and into systemic tissues occurs via the reduced folate carrier, the folate reception family, and the recently discovered proton-coupled folate transporter.[@b8-opth-9-1437]

Nutritional deficiencies, particularly those involving B-group vitamins and folate, important cofactors of homocysteine (Hcy) metabolism, are commonly related with high circulating levels of Hcy.

Therefore, changes in folate status may influence the DNA stability and integrity, and affect the methylation patterns in neural tube tissue predisposing patients to the development of diabetic retinopathy.

However, very little evidence is currently available to suggest that folate deficiency alone leads to diabetic retinopathy.

In this study, we investigate the folate status in patients with diabetic retinopathy.

Methods and patients
====================

Patients
--------

A total of 231 diabetic patients were consecutively recruited from people attending our department at Cannizzaro Hospital. The mean age was 63.4±10.2 years. In this group, there were 111 women and 120 men. The mean duration was 8.2±4.6 years. Eighty control subjects (42 men and 38 women) were recruited from the clinical and laboratory staff and blood donors. None of the controls had a known history of macroangiopathy, nephropathy, retinopathy, or neuropathy.

Diabetes was diagnosed and classified according to the World Health Organization criteria.

Patients with familial hypercholesterolemia, hypothyroidism, chronic liver disease, advanced renal disease, and malignancies were excluded.

None of the patients were taking lipid-lowering drugs or glitazones, folate, oral contraceptive pills, or hormone replacement therapy.

All participants included in this analysis had an eye examination and completed a questionnaire which collected ocular and medical history.

This study was approved by Hospital Cannizzaro Ethics Committee. The recruitment was performed in observation and respect of the Helsinki Declaration. All patients gave their informed consent for the study participation and for each invasive procedure they underwent. All sensitive data was collected and protected in respect of present privacy statements.

Methods
-------

A trained phlebotomist drew 20 mL blood from each research patients after overnight fast.

Six evacuated blood collection tubes were obtained: three tubes with a serum separator and three with ethylene-diaminetetracetil acid as anticoagulant. For the red blood cell folate assay, 0.100 mL whole blood was added to 2 mL 0.2% ascorbic acid before storage. Next, the tubes were placed on ice and centrifuged at 2,900× *g* for 10 minutes at 4°C. The blood was separated into plasma and samples were stored at −45°C until the analysis. Fasting plasma glucose was measured in fresh specimens with a hexokinase reagent kit. Fasting plasma triglyceride and total cholesterol levels were measured enzymatically and the high density lipoprotein (HDL) cholesterol fraction was measured after precipitation of low-density lipoproteins and very low density lipoprotein (VLDL) with dextran sulfate magnesium.[@b9-opth-9-1437]--[@b14-opth-9-1437] Low-density lipoprotein level was calculated by using the Friedwald's formula.[@b15-opth-9-1437] Serum creatinine levels (upper reference limit 120 μmol/L) were assayed with routine laboratory method.

Total plasma Hcy concentrations were determined using an immunoassay. Folate concentration in plasma and red blood cell (RBC) folate in whole blood hemolysate sample were measured using Quantaphase II folate radioassay kit (Bio-Rad Laboratories, Hercules, CA, USA).

Measurement of glycated hemoglobin (HbA~1c~) was made by high-performance liquid chromatography (Menarini Diagnostics, Italy). All assays were completed in duplicate. For the folate assessments, the intra-assay coefficient of variation was 3.7%, whereas the inter-assay coefficient of variation was 6.4%.

Clinical assessment
===================

Clinical assessment consisted of anthropometric measurements, which included height, weight, body mass index, and waist-to-hip ratio. Measurements of heart rate, systolic blood pressure, and diastolic blood pressure were also obtained. The systolic and diastolic blood pressure levels were measured in the right arm by standard methods with the participants in a relaxed sitting position, using a mercury sphygmomanometer.

Assessment of diabetic retinopathy
==================================

The presence and severity of diabetic retinopathy were assessed from ophthalmoscopy and/or biomicroscopy through dilated pupils and fluorescein angiography when indicated. Retinopathy was classified as absent, nonproliferative, and proliferative.

Statistical analysis
--------------------

Statistical analyses were performed using SPSS 15.0 (SPSS Inc., Chicago, IL, USA). All data are presented as mean ± standard deviation. Continuous variables were compared using the two-sample *t*-test or Mann--Whitney *U*-test, where applicable.

To verify the diagnostic value of both serum folate and red blood folate, receiver operating characteristic curves were plotted and the area under the curve was calculated.

Results
=======

In our study, 135 out of 231 enrolled patients had diabetic retinopathy ([Table 1](#t1-opth-9-1437){ref-type="table"}). The patients were divided into three groups: patients with proliferative diabetic retinopathy, with nonproliferative diabetic retinopathy, and without retinopathy. As regards diabetic management, 64 were on dietary treatment, 117 on metformin treatment, and 50 on insulin treatment.

Laboratory parameters
---------------------

Subjects with PDR had higher glycated hemoglobin levels compared with patients without retinopathy (*P*\<0.01) and fasting plasma glucose compared to subjects with NPDR (*P*\<0.05). No significant differences were observed when comparing subjects with PDR versus subjects with NPDR in total cholesterol, low-density lipoprotein, and triglycerides ([Table 2](#t2-opth-9-1437){ref-type="table"}).

As regards creatinine levels, PDR showed significant differences compared to controls (*P*\<0.01), NPDR (*P*\<0.05), and diabetic without retinopathy (*P*\<0.05). NPDR showed significant differences compared to health controls. Diabetic without retinopathy showed differences compared to PDR and controls ([Figure 1A](#f1-opth-9-1437){ref-type="fig"}).

Folate status
-------------

With regard to the diabetic patients in treatment groups, the folic acid was decreased by 3.1%, 34.1%, and 12%, respectively, in dietary, metformin, and insulin groups; red folate cell was decreased by 4.6%, 37.6%, and 10%, respectively, in dietary, metformin, and insulin groups; and Hcy was increased by 4.6%, 58.1%, and 18%, respectively, in dietary, metformin, and insulin groups. The patients treated with metformin showed significant decrease of plasmatic folate (*P*\<0.01) and RBC (*P*\<0.01), and a significant increase of Hcy (*P*\<0.01) ([Figure 1B](#f1-opth-9-1437){ref-type="fig"}).

PDR showed significant differences in plasmatic folic acid compared to NPDR (*P*\<0.05), DWR (*P*\<0.01), and health controls (*P*\<0.01). NPDR showed differences compared to PDR (*P*\<0.05), healthy controls (*P*\<0.001), and diabetic without retinopathy (*P*\<0.05); plasmatic folic acid healthy controls showed differences compared to PDR (*P*\<0.001), NPDR (*P*\<0.001), and diabetic without retinopathy (*P*\<0.05) ([Figure 1C](#f1-opth-9-1437){ref-type="fig"}).

For red cell folate deficiency, PDR showed reduced red cell folate compared to NPDR, DWR, and controls (*P*\<0.001) ([Figure 1D](#f1-opth-9-1437){ref-type="fig"}).

We found that both plasmatic folic acid and red cell folate in these patients were not associated with smoke and body mass index. It was found that folate levels in the blood are associate with age, sex, and severity of retinopathy. Besides, plasmatic folic acid is inversely related with Hcy (*P*\<0.05); red cell folate is inversely related with both HbA~1c~ (*P*\<0.01) and Hcy (*P*\<0.01). The correlation between plasmatic and red cell folate was significant (*P*\<0.05).

Discussion
==========

Numerous factors have shown as having an effect on the development and progression of diabetic retinopathy.[@b9-opth-9-1437]--[@b14-opth-9-1437] The results of the present study show that lower levels of both folic acid plasmatic and red blood cell folate were observed in patients with type 2 diabetes mellitus irrespective of the presence of retinopathy. Plasmatic folate concentrations fluctuate rapidly with recent changes in folate intakes and with temporary changes in folate metabolism even when body stores remain stable. Any alteration in folate metabolism leads to deficiency of methyltetrahydrofolate, thereby impairing remethylation of Hcy. Plasma folate is a marker for recent folate intake, as concentrations change after the intake of folate and is quite limited in determining folate status.

In our study, the diabetic patients with both PDR and NPDR show a significant deficiency in plasmatic folic acid and in red cell folate compared with healthy subjects and diabetic subjects without retinopathy.

Folic acid plays an important role in the remethylation (methionine--folate cycle) of Hcy and is thus capable of lowering elevated levels of Hcy.

Red blood cell folate and plasma folate levels are widely accepted direct biochemical indicators of folate status. Therefore we included RBC folate, since it is recognized as an indicator of folate stores in the body.

However, the association between plasma and folate is higher in proliferative retinopathy than in nonproliferative retinopathy and without retinopathy. High levels of plasma Hcy are toxic to the vascular endothelium and induce thrombosis via the formation of free radicals. In our study, low levels of peripheral folate (PF) and red blood folate show a significant inverse correlation with Hcy. The main mechanisms of hyperhomocysteinemia for the development of atherothrombosis are endothelial injury, platelet activation, and oxidative modification of low-density lipoproteins.[@b15-opth-9-1437]--[@b19-opth-9-1437] Increasing evidence suggests that the proliferation rate of cells would cause an elevation of circulating total Hcy or an increase in the concentration of cells would deplete folate and inactivate the methionine synthase catalyzed remethylation reaction.

Deficiency or impairment of folate metabolism is associated with hyperhomocysteinemia, hypomethylation (the decreased on carbon unit transfer to purines and pyrimidines for DNA repair and biosynthesis), DNA damage, and impaired cell proliferation, malignancies, and impaired NO production. Recent study indicates that DNA methylation is an important player in both DNA repair and gene stability. Low folate levels was related to DNA damage and global DNA hypomethylation.[@b16-opth-9-1437]

It has been suggested that the inactivation of DNA repair pathways, which leads to an increased mutation rate and chromosomal instability, can initiate and accelerate the proliferative process.[@b19-opth-9-1437]

Thus, understanding and characterizing the epigenetic regulators and their role in the pathogenesis of diabetic retinopathy could help in identifying novel target to combat this blinding disease which is the major cause of blindness in adults.

Deficiencies in the cofactors folate, pyridoxine, and vitamin B12 and metformin treatment have been demonstrated to elevate plasma Hcy.

The Hcy-increasing effect of metformin has been ascribed to the inhibition of vitamin B12 absorption and hence decreased intracellular levels of vitamin B12.[@b20-opth-9-1437]--[@b26-opth-9-1437] However, metformin also seems to reduce serum folate levels.[@b27-opth-9-1437]

Various studies have demonstrated that long-term use of metformin increased the risk of vitamin B12 and folate deficiency and thus influenced the Hcy metabolism and contributed to the progression of diabetic retinopathy.[@b28-opth-9-1437],[@b29-opth-9-1437] But controversies remain regarding the influence of metformin on folate. Wulffelé[@b23-opth-9-1437] reported that metformin alone or combined with insulin lowered both folate and vitamin B12 levels and increased Hcy concentration compared to insulin therapy alone. Another study demonstrated that patients treated with metformin had no significant depletion of serum folate.[@b30-opth-9-1437] Another trial showed that metformin decreased folate levels but after adjustment for body mass index and smoking, the decrement turned out to be insignificant.[@b28-opth-9-1437] In our study, patients treated with metformin showed a significant decrease in the PF and RBC, whereas Hcy was significantly increased.

RBC represents a long-term marker as the red blood cell folate pool turns over slowly and represents folate stores. Concentration levels change slowly as folate is incorporated to RBCs, accumulated only during erythropoiesis and RBCs have a half-life of 120 days. Kinetic studies have shown that the half-life of red cell folate closely matches the half-life of red blood cells (60 days).[@b15-opth-9-1437] In contrast, circulating PF changes rapidly after intake.[@b16-opth-9-1437]

Red folate blood is inversely related to HbA~1c~. Analysis of folate in red cells is considered to be a strong indicator of folate adequacy because it reflects intracellular status and is not influenced by recent or transient changes in dietary folate intake. Plasmatic folate alone does not differentiate between what may be a transitory reduction in folate intake or chronic folate deficiency accompanied by depleted folate stones and functional changes. Tissue folate status is assessed by the measurement of total folate concentration in blood because available assays are unable to differentiate between the various circulatory forms.

The potential link between the microvascular changes that occur in diabetic retinopathy and folate deficiency may be useful as a predictor for retinopathy. Diabetic retinopathy is one of the microvascular complications of diabetes which may not have symptoms in the early stages. Control of these complications depends on proper management and monitoring of retinal status and blood glucose levels after the early detection of retinopathy, but may progress to a sight-threatening stage if left untreated. Based on our results, we demonstrated that metformin was the most consistent risk factor for folate deficiency. A large-scale study that is specifically designed is needed to investigate the prevalence and contributing factor for folate deficiency. Our data raise the possibility that these favorable effects of metformin may be even pronounced if decreases in folate and vitamin B12 are avoided. Thus, folate status could play a role in the development and progression of diabetic retinopathy. According to our hypothesis, the recovery or delay of diabetic retinopathy may occur by folate supplement treatment.
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![Laboratory parameters of subjects included in the study.\
**Notes:** (**A**) Creatinine, (**B**) homocysteine, (**C**) folic acid, and (**D**) red cell folate. All data were expressed with mean ± standard deviation. *P*\<0.05 (\*vs Control; ^\$^vs NPDR); *P*\<0.005 (\*\*vs Control; ^\#\#^vs DWR; ^\$\$^vs NPDR); *P*\<0.001 (\*\*\*vs Control; ^\#\#\#^vs DWR; ^\$\$\$^vs NPDR).\
**Abbreviations:** Hcy, homocysteine; PDR, proliferative diabetic retinopathy; NPDR, nonproliferative diabetic retinopathy; DWR, diabetic without retinopathy.](opth-9-1437Fig1){#f1-opth-9-1437}

###### 

Demographic characteristics of the study population

  Patients with type 2 diabetes mellitus (n=231)   PDR 65       NPDR 70      WR 96
  ------------------------------------------------ ------------ ------------ -----------
  Female/male                                      30/35        40/30        41/55
  Age (years)                                      65.8±10.4    64.1±10.8    56.8±10.2
  Smokers/nonsmokers                               45/20        56/14        67/32
  BMI (kg/m^2^)                                    26.1±3.2     26.4±3.9     27.4±38
  Waist circumference (cm)                         94.1±8.71    95.0±7.4     94.2±7.6
  Hip circumference (cm)                           96.7±8.25    96.8±7.44    96.1±79.7
  Waist-to-hip ratio                               0.97±0.08    0.9±00.9     0.97±0.06
  Systolic blood pressure (mmHg)                   138.6±13.4   138.2±14.1   144.1±8.2
  Diastolic blood pressure (mmHg)                  81.8±8.7     84.7±7.9     84.1±8.1

**Note:** All data were expressed with mean ± standard deviation.

**Abbreviations:** BMI, body mass index; PDR, proliferative diabetic retinopathy; NPDR, nonproliferative diabetic retinopathy; WR, without retinopathy.

###### 

Laboratory parameters of subjects included in the study

  Parameter                        PDR 65       NPDR 70                                                    Without DR 96
  -------------------------------- ------------ ---------------------------------------------------------- ---------------------------------------------------------
  Cholesterol total (mmol/L)       6.02±0.98    5.96±0.96[\*](#tfn4-opth-9-1437){ref-type="table-fn"}      5.94±0.87[\*](#tfn4-opth-9-1437){ref-type="table-fn"}
  HDL (mmol/L)                     1.44±0.37    1.40±0.41[\*](#tfn4-opth-9-1437){ref-type="table-fn"}      1.39±0.39[\*](#tfn4-opth-9-1437){ref-type="table-fn"}
  LDL (mmol/L)                     4.29±0.39    4.28±0.38[\*](#tfn4-opth-9-1437){ref-type="table-fn"}      4.27±0.34[\*](#tfn4-opth-9-1437){ref-type="table-fn"}
  Triglycerides (mmol/L)           1.84±0.58    1.72±0.59[\*](#tfn4-opth-9-1437){ref-type="table-fn"}      1.74±0.67[\*](#tfn4-opth-9-1437){ref-type="table-fn"}
  Fasting plasma glucose (mg/dL)   168.8±31.4   155.1±30.2[\*\*](#tfn5-opth-9-1437){ref-type="table-fn"}   160.4±30.7[\*](#tfn4-opth-9-1437){ref-type="table-fn"}
  HbA~1c~ (%)                      8.1±0.8      7.9±0.7[\*](#tfn4-opth-9-1437){ref-type="table-fn"}        6.9±0.8[\*\*\*](#tfn6-opth-9-1437){ref-type="table-fn"}

**Notes:** All data were expressed with mean ± standard deviation. Comparison between PDR and other groups:

*P*=NS,

*P*\<0.05,

*P*\<0.001.

**Abbreviations:** PDR, proliferative diabetic retinopathy; NPDR, nonproliferative diabetic retinopathy; DR, diabetic retinopathy; HDL, high density lipoprotein; LDL, low density lipoprotein; HbA~1c~, glycated hemoglobin; NS, not significant.
